In fish, intramuscular (i.m) injection of plasmid DNA encoding viral proteins has proved a highly effective vaccination strategy against some viral pathogens. The efficacy of DNA vaccination in teleost fish is based on the high level of viral antigen expression in muscle cells inducing a strong and long-lasting protection. However, the mechanisms through which this protection is established and effectuated in fish are still not fully understood. Moreover, similarities to mammalian models cannot be established since DNA vaccination in mammals usually induces much weaker responses. In this work, we have focused on the characterization of the immune cells that infiltrate the muscle at the site of DNA injection in vaccinated fish and the chemokines and chemokine receptors that may be involved in their infiltration. We have demonstrated through diverse techniques that B lymphocytes, both IgM + and IgT + cells, represented a major infiltrating cell type in fish vaccinated with a viral haemorrhagic septicaemia virus (VHSV) glycoprotein-encoding DNA vaccine, whereas in control fish injected with an oil adjuvant mainly granulocyte/monocyte-type cells were attracted. Among twelve chemokine genes studied, only CXCL11 L1, CK5B and CK6 mRNA levels were up-regulated in DNA vaccinated fish compared to fish injected with the corresponding vector backbone. Furthermore, the transcription of CXCR3B, a possible receptor for CXCL11 L1 was also significantly up-regulated in vaccinated fish. Finally, experiments performed with recombinant trout CK5B and CK6 and chemokine expression plasmids revealed that these chemokines have chemotactic capacities which might explain the recruitment of B cells to the site of DNA injection. Altogether, our results reveal that there is an early chemokine-related B cell recruitment triggered by i.m. DNA vaccination against VHSV which might play an important role in the initial phase of the immune response.
In fish, intramuscular (i.m) injection of plasmid DNA encoding viral proteins has proved a highly effective vaccination strategy against some viral pathogens. The efficacy of DNA vaccination in teleost fish is based on the high level of viral antigen expression in muscle cells inducing a strong and long-lasting protection. However, the mechanisms through which this protection is established and effectuated in fish are still not fully understood. Moreover, similarities to mammalian models cannot be established since DNA vaccination in mammals usually induces much weaker responses. In this work, we have focused on the characterization of the immune cells that infiltrate the muscle at the site of DNA injection in vaccinated fish and the chemokines and chemokine receptors that may be involved in their infiltration. We have demonstrated through diverse techniques that B lymphocytes, both IgM + and IgT + cells, represented a major infiltrating cell type in fish vaccinated with a viral haemorrhagic septicaemia virus (VHSV) glycoprotein-encoding DNA vaccine, whereas in control fish injected with an oil adjuvant mainly granulocyte/monocyte-type cells were attracted. Among twelve chemokine genes studied, only CXCL11 L1, CK5B and CK6 mRNA levels were up-regulated in DNA vaccinated fish compared to fish injected with the corresponding vector backbone. Furthermore, the transcription of CXCR3B, a possible receptor for CXCL11 L1 was also significantly up-regulated in vaccinated fish. Finally, experiments performed with recombinant trout CK5B and CK6 and chemokine expression plasmids revealed that these chemokines have chemotactic capacities which might explain the recruitment of B cells to the site of DNA injection. Altogether, our results reveal that there is an early chemokine-related B cell recruitment triggered by i.m. DNA vaccination against VHSV which might play an important role in the initial phase of the immune response. © 2013 Elsevier Ltd. All rights reserved.
Introduction
DNA vaccination has proved as an effective method for inducing a potent and long-lasting protection against different fish viruses, especially rhabdoviruses such as infectious hematopoietic necrosis virus (IHNV) or viral haemorrhagic septicaemia virus (VHSV) [1] [2] [3] [4] . Significant protection levels have also been achieved with DNA vaccines constructed for other fish viruses [5] [6] [7] . Concerning IHNV and VHSV vaccination in rainbow trout (Oncorhynchus mykiss), a single intramuscular (i.m.) injection of a naked DNA plasmid coding for the glycoprotein G is capable of providing fish with full long-lasting protection [8, 9] and in consequence, one of the very few antiviral vaccines licensed for fish is an IHNV DNA vaccine [10] . Although a non-specific protection state elicited at early times post-vaccination seems to correlate with the induction of type I interferon (IFN) [9] , the mechanisms through which these vaccines confer specific long-term protection are still not clear. Both humoral [9] and cellular [11] responses are triggered, but are not clearly correlated with protection.
Many studies have addressed the transcriptional response to vaccination in the spleen or head kidney [12, 13] , but not many have focused on studying what happens at the injection site. This early local response should dictate all the downstream mechanisms elicited, being likely key for the outcome of the later systemic response. The genes modulated in the muscle after injection were studied for an IHNV DNA vaccine [14] , demonstrating up-regulation of genes predominantly related to IFN. Additionally, in the context of an extensive characterization of the kinetics of VHSV G-protein expression in the membrane of myocytes in response to DNA vaccination, a significant infiltration of leukocytes around the injection site was described [15] . However, the nature of immune cells was not clearly established.
In rainbow trout, three different immunoglobulins (Igs) have been reported [16] [17] [18] , which render two main subpopulations of central B cells, IgM + cells and IgT + cells. Although it seems that IgT + cells play an important role in mucosal responses [19] , recent evidence implicates IgT in systemic responses as well [20] . Our results demonstrate that both IgM + and IgT + cells are recruited to the muscle upon DNA vaccination, in contrast to reports in mammals, in which macrophages, T cells and neutrophils are the predominant recruited cell types [21, 22] . To gain an insight into the mechanisms responsible for this B cell mobilization, we have also studied the transcription of a wide range of chemokine genes and all chemokine receptors known for rainbow trout. These data contribute to a better understanding of the early immune mechanisms elicited by DNA vaccination in fish.
Materials and methods

VHSV DNA vaccine
The VHSV DNA vaccine used in this study, designated pVHSV, has been previously described [15, 23] . The empty pcDNA3 plasmid was used as a control.
Fish
Rainbow trout (O. mykiss) were maintained at 11-16 • C in a re-circulating water system and fed with a commercial diet (Skretting). Prior to any experimental procedures, fish were acclimatized to laboratory conditions. All the experiments described comply with the Guidelines of the European Union Council (2010/63/EU) for the use of laboratory animals and have been approved by the corresponding local Ethics Committees.
Transcriptional studies in muscle
For the transcriptional studies, fish were injected i.m. with 1 g of pVHSV plasmid, 1 g of pcDNA3 in PBS (50 l) or the same volume of PBS in the epaxial muscle below the dorsal fin by use of a 27 G needle. In some experiments, VHSV virus, propagated as previously described [24] , was heat-inactivated (56 • C for 30 min) and injected i.m. in parallel to the DNA vaccine (1 × 10 6 TCID 50 per fish). At days 3, 6 and 14 post-vaccination, six fish from the different groups were killed and the muscle area surrounding the injection site sampled and placed in Trizol (Invitrogen) for RNA isolation following the manufacturer's instructions.
RNAs were treated with DNAse I to remove genomic DNA that might interfere with the PCR reactions. An amount of 1 g of RNA was used to obtain cDNA in each sample using the Superscript III reverse transcriptase (Invitrogen) and oligo (dT) [12] [13] [14] [15] [16] [17] [18] following the manufacturer's instructions.
To evaluate the levels of transcription of different immune genes, real-time PCR was performed with a LightCycler ® 480 System (Roche) using FastStart SYBR Green Master mix (Roche) following the manufacturer's instructions. Reaction mixtures were incubated for 10 min at 95 • C, followed by 40 amplification cycles (30 s at 95 • C and 1 min at 60 • C). For each gene, expression was normalized to that of elongation factor 1␣ (EF-1␣) expression in each sample and expressed as 2 − Ct as described previously [25] .
Primers used were already optimized [25, 26] and are shown in Supplementary Fig. 1 .
To verify that IgM and IgT transcripts quantified were not sterile Ig transcripts, PCRs were performed using a forward primer specific for a subgroup or a set of IGHV genes in combination with a reverse primer C or C specific for IGHM or IGHT genes, in a pooled cDNA sample from each experimental group as previously described [20] ( Supplementary Fig. 1 ).
Immunocytochemistry
To evaluate the infiltration through immunohistochemistry, fingerlings of 3-4 g were anaesthetised in 0.01% benzocaine and injected with 20 g of pVHSV or empty plasmid dissolved in 0.9% NaCl or with the same volume of 0.9% NaCl in the muscle. Muscle sections obtained from control and vaccinated fish (N = 3) at day 7 post-immunization were subjected to an indirect immunocytochemical method for detection of trout IgM and IgT using monoclonal antibodies F1-18 and F1-15 kindly donated by Dr. Kurt Buchmann and Dr. Karsten Skjoedt as previously described [27, 28] . The specificity of the reactions was determined by omitting the primary antibodies.
Isolation and characterization of infiltrated B cells from muscle after DNA injection
To isolate and further characterize the cells infiltrated in the muscle after DNA vaccination, fish weighing approx. 150 g received six i.m. injections of 40 l (1 mg/ml) of the VHSV DNA vaccine or the empty vector as control. Another group was injected with the same volume of complete Freund's adjuvant (Sigma-Aldrich). Injection needles were placed approx. 1 cm deep into the dorsal muscle. At the day of sampling, fish were killed and muscle tissue around the injection site (approx. 1 × 1 × 1 cm) excised into ice cold medium (Iscove's DMEM/Ham's F12; Gibco). The tissue was cut into small pieces and trypsin solution added at a final ratio of 10% (v/v). After 1 h of incubation at room temperature, the suspension was filtered through a nylon mesh (100 m), layered onto a twostep Percoll gradient (1.035 g/ml and 1.08 g/ml) and centrifuged for 40 min at 650 × g at 4 • C. The interphase was collected and washed twice.
Infiltrating cells (1 × 10 6 cells/ml) were stained using primary antibodies against either IgM (mab 4C10; [29] ), CD8␣ [30] and IgT [19] . IgM and CD8␣ staining was carried out simultaneously using TRICOLOR anti-mouse Ig (Caltag) and FITC anti-rat IgG (H + L) (Jackson ImmunoResearch) conjugates, respectively, while IgT + cells were single-stained using an Alexa488 anti-mouse-IgG (Caltag) conjugate.
Production of recombinant CK5B and CK6
To produce recombinant trout CK5B and CK6 in Escherichia coli, the cDNA sequences encoding the mature chemokines were amplified and cloned into a modified pET vector (Novagen) using specific primers ( Supplementary Fig. S1 ). After sequence confirmation, the chemokine expressing plasmids were transformed into E. coli strain BL21 Star (DE3)pLysS (Invitrogen). The recombinant proteins were produced as described previously [31, 32] .
Chemotactic assays with recombinant CK5B and CK6
The capacity of rainbow trout recombinant CK5B and CK6 to attract leukocytes from different sources was evaluated. For this, leukocytes from spleen, blood and head kidney were isolated from naïve fish following the method previously described [33] . Cells were resuspended in L-15 with 2% FCS at a concentration of 1 × 10 6 cells/ml.
The chemotaxis assays were performed in chemotaxis chambers introduced in 24-well plates (Costar-Corning Life Sciences). Six hundred l of different dilutions of CK5B or CK6 in culture medium were placed at the bottom of the wells, while 100 l of the different leukocyte cell suspensions were loaded to the upper chamber. After 2 h at 20 • C, the number of cells that had migrated to the bottom of the wells was quantified by flow cytometry as previously described [25] .
In vivo chemotactic assays using CK5B and CK6 expression plasmids
Plasmids coding for rainbow trout CK5B and CK6 previously obtained [34] were used to confirm the chemotactic capacity of these chemokines. Fish were injected i.m. with 1 g of either pCK5B, pCK6 or the pcDNA3.1 control plasmid (in 50 l of PBS). At day 6 post-injection, three fish per group were sampled to evaluate the levels of infiltration through histological techniques.
Statistics
Data handling, analyses and graphic representation was performed using Microsoft Office Excel 2010. Statistically significant differences were determined using a Mann-Whitney U test or a one-way ANOVA (p < 0.05).
Results
B cells are a major leukocyte population infiltrated in the muscle of vaccinated fish
Real time PCR analysis revealed a significant increase in transcription levels of both IGHM (IgM) and IGHT (IgT) in vaccinated compared to mock-vaccinated fish from day 6 post-vaccination (Fig. 1A) . Although CD4, MHC-II and GATA-3 transcription was detected in the muscle, the levels of transcription were not significantly different between the different experimental groups. CD8 and IL-4/13A transcription remained mostly undetected in all groups. The up-regulation of IGHM transcription in response to pVHSV was not observed when the inactivated virus was i.m. injected (Fig. 1B) . The levels of IGHM and IGHT remained elevated at day 14 post-vaccination (data not shown). Several different VH-C and VH-C transcripts were retrieved by PCR from the muscle at days 6 and 14 (Fig. 1C) , indicating the presence of rearranged B cell receptor mRNAs in the infiltrated cells. We found a higher number of different VH-C and VH-C amplifications for pVHSV samples at day 14 in comparison to control and pcDNA samples.
Immunohistochemistry analyses were also conducted to detect IgM + and IgT + cells in the muscle. In concordance with the transcriptional studies and in contrast to the situation in higher vertebrates [21, 22] , high levels of both IgM and IgT were found at the injection site (Fig. 2) .
To further verify that B cells were actually present in the muscle, we optimized a protocol for the isolation of infiltrating cells. Although some infiltrating cells were detected in response to the empty plasmid, the number of cells in vaccinated fish was higher. Infiltrated cells collected 6 days after i.m. VHSV DNA vaccination mostly had a profile of lymphocyte-type cells, with small size and low complexity (Fig. 3A) . Within this population, IgM + cells were a predominant cell type (Fig. 3A) , with a lower percentage of IgT + cells and CD8 + cells present. When CFA was injected instead of the DNA vaccine, the profile of the infiltrated cells was more heterogeneous, including a large number of granulocyte/monocyte-type cells with bigger size and higher granularity (Fig. 3B) . Among the gated lymphocyte-type cells, we again detected a high percentage of IgM + cells in addition to IgT + and CD8 + cells. When fish were sampled at a later time post-vaccination (day 17), infiltrating cells could not be recovered from the group injected with the empty plasmid but only from the groups injected with the VHSV vaccine or CFA. The experiment was repeated once and similar results were observed. These results confirm that rainbow trout B cells are recruited to the vaccine injection site and reveal that both IgM + and IgT + cells have the capacity to infiltrate the muscle.
Chemokine and chemokine receptor transcription at the injection site
We evaluated the levels of transcription of different chemokines in vaccinated and mock-vaccinated fish, studying a wide selection of rainbow trout chemokines that include representatives of the chemokine clades previously established [35, 36] . At day 3 postvaccination, CK1, CK3, CK5B, CK6, CK9, CK10, CK11, CK12, CXCL8 L1, CXCL F1 and CXCL11 L1 were transcribed in the muscle (Fig. 4A ), but CXCL11 L1 was the only chemokine for which transcription was significantly higher in vaccinated animals. At day 6 postvaccination, CXCL11 L1 levels were similar in all groups, whereas CK5B and CK6 mRNA levels were significantly elevated (Fig. 4B) . At day 14 post-vaccination, no significant differences were apparent between the groups (Fig. 4C) .
The levels of transcription of trout chemokine receptors in the muscle of vaccinated and mock-vaccinated fish were studied at day 6 post-injection. Although CCR6, CCR9B and CXCR3A transcription was almost undetected in all samples, transcription of CCR7, CCR9, CCR13, CXCR1, CXCR3B and CXCR4 was found in muscle (Fig. 5) . However, only the transcription of CXCR3B was significantly higher in vaccinated fish.
Trout CK5B and CK6 exhibit chemoattractant capacity
Since the chemoattractant capacity of trout CK5B and CK6 had not been studied, we produced these chemokines as recombinant proteins and purified them under denaturing conditions ( Supplementary Fig. 2 ). Recombinant CK5B and CK6 were used in chemotaxis assays in vitro using blood, spleen and head kidney leukocytes. Blood and head kidney leukocytes were significantly attracted by recombinant CK5B at a concentration of 1 ng/ml, while splenocytes did not respond to CK5B (Fig. 6A) . In the case of CK6, only head kidney leukocytes were significantly attracted by this chemokine (Fig. 6B) . These results confirm that CK5B and CK6 both have chemotactic capacities.
To further support the hypothesis that the up-regulation of CK5B and CK6 transcription observed at day 6 post-vaccination was contributing to the recruitment of B cells to the muscle, CK5B and CK6 coding plasmids were injected i.m. and the infiltration of IgM + and IgT + cells studied through immunohistochemistry. The infiltration of IgM + cells in response to both pCK5B and pCK6 was visible through immunohistochemistry ( Fig. 6C and D) . Conversely, we could never detect a significant infiltration of IgT + cells.
Discussion
Although different studies have analysed different aspects of the immunogenicity of DNA vaccines in fish, none have addressed the early recruitment of leukocytes to the muscle, or analysed which chemokines and chemokine receptors could be responsible for such a mobilization. In mammals, it is well known that myocytes do not express MHC class II nor co-stimulatory molecules and therefore the priming of T cells occurs through the recruitment and activation of professional antigen presenting cells (APCs), mainly dendritic cells (DCs) [37, 38] and not B cells, which are only marginally activated in response to vaccination [38] . In the current work, we have established that both IgM + and IgT + B lymphocytes migrate in large numbers to the area of antigen expression after injection of a VHSV DNA vaccine. In most teleost species, the presence of professional APCs has not been clearly established [39] and no surface markers are available for fish DCs. In addition to DCs, B cells are also considered highly efficient APCs in mammals [40] , and therefore it is possible that fish B cells mobilized to the muscle after DNA vaccination could play a role in antigen presentation locally in addition to other APCs, taking into account the absence of lymph nodes in teleost fish. Furthermore, the very high constitutive levels of CD80/86 in trout IgM + cells reported by Zhang et al. [41] , led the authors to speculate that fish IgM + B cells could be major APCs in fish. We also isolated some CD8 + cells from the vaccinated muscle, even though no CD8 transcripts were detected. On the other hand, we detected CD4 transcripts but we could not analyse the presence of CD4 + cells through flow cytometry because there is no antibody available to date. Interestingly, our results reveal a novel non-mucosal role for IgT + cells, as also observed by Castro et al. [20] . In any case, more work should be performed to establish the role of all these cells mobilized to the muscle in the immunity to DNA vaccination.
Notably, this massive B infiltration into the muscle was not observed when fish were injected with inactivated virus instead of the DNA vaccine. Although this could suggest that the expression of the VHSV glycoprotein in the cellular membrane of myocytes contributes to a greater immune response, it might be possible that it is a consequence of a higher amount of G protein available due to the strong and prolonged production of G protein observed after DNA vaccination [15] . This higher amount of G protein may trigger not only a quantitatively different response but also one of a different nature. Previous reports have shown that the G protein from the rhabdovirus vesicular stomatitis virus (VSV) induces a T-dependent response when inoculated at low doses, but a T-independent response when higher doses are administered [42] . In fact, the VSV G protein has been shown to be an excellent T-independent antigen [43] , as occurs with other viral proteins [44] . Interestingly, one of the most effective DNA vaccines tested in mice has been a glycoprotein-encoding DNA vaccine against rabies, another rhabdovirus [45] . Thus, it might be relevant to evaluate whether the responses elicited by all rhabdoviral DNA vaccines have important T-independent components that render them especially effective. To understand the mechanism by which leukocytes are recruited to the muscle, we studied the levels of transcription of trout chemokines and chemokine receptors. The transcription of CXCL11 L1, a chemokine closely related to mammalian CXCL10 [36] , was up-regulated in the muscle of vaccinated fish at day 3 post-injection. Although at this early stage, there is still a considerable infiltration of leukocytes as a result of tissue damage, it might be interesting in the future to study whether CXCL11 L1 is also capable of recruiting B cells as reported in some mammalian species [46] , despite the fact that previous evidence in trout suggests that CXCL11 L1 is mainly chemoattractant for macrophages and CD4 + cells [36] . CXCL10 is a gamma interferon inducible CXC chemokine, as is CXCL9 and CXCL11, all of them sharing the same receptor, CXCR3, which in trout has two different isoforms [47] . Interestingly, we have observed a significant up-regulation of CXCR3B in vaccinated animals that suggests that this chemokine-chemokine receptor association is maintained in teleost. On the other hand, transfection of human primary muscle cells with a DNA vaccine provoked an increased CXCL10 transcription [22] . At day 6 postvaccination, a significant up-regulation of CK5B and CK6 was found in the vaccinated muscle. According to the classification of CC chemokines established by Peatman and Liu [35] , rainbow trout CK5B groups with mammalian CCL5 genes. Although CCL5 is associated mostly with the recruitment of T helper cells [48] , it was also up-regulated in the central nervous system together with a significant B cell infiltration [46] and CCR3, one of its possible receptors, has been detected on bone marrow plasma cells [49] . Surprisingly, CCL5 was also up-regulated in human primary muscle cells transfected with a DNA vaccine, suggesting some conservation in the elicited mechanisms in mammals and fish [22] . On the other hand, CK6 has been ascribed to the CCL17/22 group. In mammals, CD40-stimulated B cells secrete CCL17 and CCL22, attracting memory CD4 + T cells to an antigen rich environment [50] . In this study, we have demonstrated the chemoattractant capacity of CK5B and CK6. Furthermore, plasmids encoding trout chemokines provoked an infiltration of IgM + cells when injected into the muscle of rainbow trout. Taken together, these data suggest that CK5B and CK6 contribute to the recruitment of B cells into the muscle.
In conclusion, DNA vaccination against VHSV in rainbow trout induced a large infiltration of both IgM + and IgT + cells B cells. This infiltration was a characteristic feature in response to DNA vaccination which was neither observed after i.m. injection of inactivated virus nor of CFA and was accompanied with an up-regulation of CXCL11 L1, CK5B, CK6 and CXCR3B genes. We have also established the chemotactic capacity of CK5B and CK6, strongly suggesting that the induced chemokines contribute to the observed leukocyte recruitment to the muscle.
